Objectives-The association between the aortic root diameter and aortic regurgitation in hypertensive and normotensive people is still disputed, and the underlying mechanisms remain to be clearly elucidated. We aimed to investigate the relationship between the aortic root diameter and trivial to mild functional aortic regurgitation in never-treated hypertensive patients with a new diagnosis compared with healthy normotensive participants.
Objectives-The association between the aortic root diameter and aortic regurgitation in hypertensive and normotensive people is still disputed, and the underlying mechanisms remain to be clearly elucidated. We aimed to investigate the relationship between the aortic root diameter and trivial to mild functional aortic regurgitation in never-treated hypertensive patients with a new diagnosis compared with healthy normotensive participants.
Methods-A total of 182 hypertensives and 232 age-matched normotensives were included in the study. Anthropometric and office blood pressure (BP) measurements, echocardiography, and a carotid stiffness assessment were performed in all of the participants. Aortic measures for the annulus, sinuses of Valsalva, sinotubular junction, and ascending aorta were taken in late diastole according to the leadingedge method.
Results-The mean age of all participants was 52 years. Hypertensive patients had a significantly higher body surface area, mean arterial pressure, and pulse pressure (P < .0001) than normotensive participants. Annulus and sinotubular junction diameters adjusted for confounders and indexed to the body surface area were significantly higher in normotensives than in hypertensives. The prevalence of functional aortic regurgitation was higher in hypertensives (34.8% versus 15.4%; P < .0001). Among the hypertensives, no difference in aortic diameters was found between patients with or without functional aortic regurgitation, whereas normotensives with functional aortic regurgitation had larger aortic root diameters. Aging and BP among the hypertensives were the main determinants of functional aortic regurgitation.
Conclusions-Hypertensive patients had a smaller indexed aortic root diameter than normotensive participants but had a higher prevalence of trivial to mild functional aortic regurgitation. The aging process is the main determinant of functional aortic regurgitation in both groups, but high BP also plays an important role in hypertensives.
Key Words-aortic regurgitation; aortic root dilatation; echocardiography (adult); hypertension T he wide use of color Doppler echocardiography results in the diagnosis of trivial to mild aortic regurgitation in a large number of patients. Aortic dilatation and functional aortic regurgitation are commonly reported among hypertensive patients but may be present in otherwise normal hearts. Although the role of hypertension is still debated, and it seems that blood pressure (BP) is positively associated with aortic diameters 1 and functional aortic regurgitation, 2 in healthy people, aortic diameters and functional aortic regurgitation seem to be primarily related to age and body weight. In the large elastic arteries, wall thickening and dilatation are the major structural changes that occur with aging, 3 partly because of the parallel increase in BP, but arterial stiffness is related to an increase in the vascular diameter, independent of age. 4 Moreover, high BP may favor ascending aortic dilatation and functional aortic regurgitation due to malapposition of the aortic cusps. 5 Much less is known on the effect of arterial stiffness on aortic dilatation and functional aortic regurgitation, and the clinical implication of trivial to mild functional aortic regurgitation in hypertensive patients is not known.
Stiffer arteries are related to reduced peak aortic flow and increased arterial pressure such as systolic BP, in relation to reduced elasticity. Also, the reflecting waves from diastole to systole may affect the aortic valve opening time, which can be prolonged beyond the end of the ejection time.
The aim of this study was to investigate whether there are differences in aortic root diameters and trivial to mild functional aortic regurgitation in hypertensive patients with a new diagnosis versus normotensive people and to identify the mechanisms responsible for these putative differences. Moreover, the impact of arterial stiffness on aortic diameters and functional aortic regurgitation was also considered.
Materials and Methods
The prospective study population comprised 414 agematched adults recruited from the Division of Cardiology of Sant'Antonio Hospital. Of these, 232 participants were normotensive, and 182 patients were hypertensive (defined as office systolic BP 140 mm Hg, diastolic BP 90 mm Hg, 6 or both, confirmed on 3 separate consecutive visits). They reported being aware of high BP for a maximum of 1 year. All hypertensive patients had a new diagnosis and were not taking any medications, including antihypertensive drugs. They came to our outpatient clinic for cardiovascular risk stratification and to start antihypertensive therapy. All normotensive participants were selected among those investigated for work eligibility and from healthy people who wanted a cardiologic workup. All of them underwent voluntary screening for cardiovascular disease at our outpatient clinic, including a questionnaire about their medical history, use of any drugs in the previous 5 years, cardiovascular risk factors, and lifestyle habits.
All participants underwent a comprehensive medical evaluation, which included a complete medical history, physical examination, anthropometric measures, physical activity, and dietary habits, including coffee intake, alcohol use, and cigarette smoking. All participants with diabetes mellitus, known cardiovascular disease, valvular heart disease, or any other condition requiring chronic medication were excluded from the study. This study was performed in accordance with the Declaration of Helsinki. The study was approved by the Ethics Committee of Sant'Antonio Hospital, and informed consent was obtained from all participants.
Anthropometric Variables
Anthropometric measurements included body mass index (BMI), calculated as BMI (kilograms per square meter) 5 weight (kilograms)/height (square meters), and body surface area, calculated as body surface area (square meters) 5 0.007184 3 height (centimeters) 0.725 3 weight (kilograms) 0.425 .
Blood Pressure Variables
The brachial systolic and diastolic BP and heart rate (HR) were obtained with the patient in a lying position, with an oscillometric semiautomatic sphygmomanometer using an appropriately sized cuff (HEM-759-E oscillometric device; Omron Healthcare Co, Ltd, Kyoto, Japan). The mean of 6 measurements was used. Pulse pressure was calculated as the difference between systolic and diastolic BP (systolic BP -diastolic BP) and mean arterial pressure as diastolic BP 1 (pulse pressure/3).
Echocardiographic Examinations
All participants underwent standardized transthoracic and Doppler echocardiographic examinations with a ProSound a10 ultrasound system (Aloka Co, Ltd, Tokyo, Japan) to assess structural and functional cardiac characteristics according to the American Society of Echocardiography recommendations. 7 Specific views included parasternal long-and short-axis views (at the aortic valve, mitral valve, and papillary muscle levels), apical 4-, 2-, and 3-chamber views. Each parameter was obtained from 3 to 5 consecutive cardiac cycles, and the average value was used for analysis. All measured variables were re-estimated offline with an image-processing workstation and ComPACS version 10.5.8 software (MediMatic, Genoa, Italy).
Aortic Diameter
Aortic diameter measurements were performed from the parasternal long-axis view at the following sites: aortic valve annulus, aortic sinuses of Valsalva, sinotubular junction, and proximal ascending aorta. Diameters were obtained at end diastole in an anatomically correct orientation by using the leading-edge convention and were indexed to the body surface area. A thoracic aortic diameter above the 95th percentile of the overall distribution was used as the cutoff for the upper limit. 8, 9 Left Ventricular Structure and Function Linear internal measurements of the left ventricle and its wall were performed with 2-dimensionally guided Mmode echocardiography from the parasternal short-or long-axis view, immediately below the level of the mitral valve leaflet tips. Evaluated parameters included left ventricular (LV) end-diastolic and end-systolic diameters, interventricular septal thickness, and posterior wall thickness.
The LV mass was calculated by the Penn convention as 1.04 [(interventricular septal thickness in diastole 1 LV internal diameter in diastole 1 posterior wall thickness in diastole) 3 -(LV internal diameter in diastole) 3 ] -13.6 and was indexed to the body surface area. 10 The relative wall thickness was calculated by the formula (interventricular septum 1 posterior wall thickness)/(LV internal diameter at end diastole). The LV ejection fraction was derived from LV end-diastolic and end-systolic volumes by the monoplane Simpson rule. The LV stroke volume was calculated as the product of the Doppler velocity integral and cross-sectional area at the level of the LV outflow tract, and then the stroke volume index (stroke volume/body surface) was derived. Systemic arterial compliance was estimated by the ratio of the stroke volume index to the arterial pulse pressure. The valvuloarterial impedance was calculated as the ratio of the estimated LV systolic pressure (sum of the systolic BP and mean aortic transvalvular pressure gradient) to the stroke volume indexed to the body surface area: valvuloarterial impedance 5 (systolic BP 1 mean pressure gradient)/stroke volume index.
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Aortic Regurgitation Aortic regurgitation was assessed by color Doppler echocardiography in the parasternal long-and short-axis views and was quantified by the vena contracta width. Aortic regurgitation was defined as mild when the vena contracta width was less than 3 mm and severe when the vena contracta width was greater than 6 mm. 12, 13 To classify the valve as bicuspid or tricuspid, aortic valve morphologic characteristics was assessed from the parasternal short-axis view. Twenty-three patients were excluded from the study because valvular involvement (10 with greater than mild functional aortic regurgitation, 12 with other valvular involvement, and 1 with a bicuspid aortic valve).
Doppler Analysis
Left ventricular diastolic function was assessed by a conventional Doppler analysis. The early diastolic peak velocity, peak velocity after atrial contraction, their ratio, and early diastolic deceleration slope were recorded at the mitral leaflet tips in the apical view by pulsed Doppler imaging with a sample volume of 1 to 3 mm in length. 14, 15 Arterial Stiffness Examination Arterial stiffness was assessed by the Aloka color Doppler system with a 7.5-MHz linear array transducer and a high-resolution echo-tracking subsystem (Echo-track), which allows for the assessment of local arterial stiffness, deriving the pressure-diameter curve of the artery and calculating the local stiffness ( Figure 1 ). 16 Measurements were taken at the left common carotid artery 2 cm below the carotid bifurcation, with a steering angle of the ultrasound beam not exceeding 20 8 for any recording and a sampling rate of 1 kHz. Five to 10 consecutive cardiac cycles were recorded, and the mean value for every parameter was calculated. Blood pressure was measured immediately before each scan on the right arm, and arterial pressure waveforms were obtained automatically by calibrating peak and bottom values for systolic and diastolic BP. 17 The parameters for carotid stiffness that were automatically calculated were as follows: arterial stiffness 
Statistical Analysis
Data are reported as mean 6 standard deviation for continuous variables and as proportions for categorical variables. For continuous variables, differences between groups were assessed by the Student t test for independent samples. A multiple regression analysis was used to identify independent clinical and echocardiographic correlates of the sinotubular junction and ascending aorta. A logistic regression analysis was used to assess the correlation of functional aortic regurgitation with the independent variables previously selected by a univariate model. In the final multivariate model, age, HR, systolic and diastolic BP, carotid b index, carotid pressure-strain elastic modulus, carotid pulsed wave velocity, carotid arterial compliance, annulus, and aortic root were used. P < .05 was considered statistically significant. All statistical analyses were performed with Systat for Windows release 12.0 (Systat Software, Inc, Chicago, IL).
Results

Characteristics of Hypertensive and Normotensive Participants
The 414 participants were white and ranged in age from 17 to 85 years. Hypertensive patients were heavier and had a higher LV mass/body surface area ratio and relative wall thickness than normotensive participants, with lower systemic arterial compliance and higher valvuloarterial impedance. One-point carotid stiffness (ie, pressure-strain elastic modulus and pulsed wave velocity) was found to be increased and arterial compliance decreased in patients with hypertension, whereas the b index did not differ between the groups when adjusted for HR (Table 1) . Aortic diameters in hypertensives and normotensives, both as absolute values and indexed to the body surface area, are reported in Table 2 . No differences were found between groups in aortic measurements, including the sinotubular junction/annulus 
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ratio, but indexed values for the annulus and sinotubular junction were significantly lower in hypertensives. Although hypertensives showed smaller aortic dimensions, trivial to mild aortic regurgitation was significantly more prevalent among the hypertensives than the normotensives (34.8% versus 15.4%; P < .0001).
Hypertensive and Normotensive Participants With and Without Functional Aortic Regurgitation
Hypertensive and normotensive participants were stratified according to the presence or absence of functional aortic regurgitation. Aortic diameters divided by functional aortic regurgitation are reported in Table 3 . After adjustment for age, sex, body surface area, and HR, a significant difference between participants with and without functional aortic regurgitation could only be observed in normotensives, with those who had functional aortic regurgitation showing larger aortic diameters. Hypertensives with functional aortic regurgitation were significantly older, had a lower HR, and had a higher systolic BP than their counterparts without functional aortic regurgitation. Similarly, normotensives with functional aortic regurgitation were older and had a lower HR than their counterparts without functional aortic regurgitation and had a higher LV mass/body surface area ratio, stroke volume/body surface area ratio, (Table 4) . Normotensives with functional aortic regurgitation were older and had larger LA dimensions than hypertensives with functional aortic regurgitation but had similar LV dimensions and 1-point carotid stiffness. At variance, normotensives without functional aortic regurgitation had a similar age as hypertensives without functional aortic regurgitation but significantly reduced LV dimensions and carotid stiffness (Table 4) . On the multiple regression analysis, age and body surface area were independently correlated with all ascending aorta diameters; sex was independently associated, in a negative fashion, with the sinuses of Valsalva, the carotid pressure-strain elastic modulus with the sinuses of Valsalva and sinotubular junction, and valvuloarterial impedance, negatively, with the sinuses of Valsalva (Table 5) . On the logistic regression analysis, systolic BP was independently associated with functional aortic regurgitation in a positive fashion, whereas HR was found to be independently associated with functional aortic regurgitation in a negative fashion ( Table 6 ). The analysis was performed separately in normotensives, and in that case, age was the only parameter independently related to functional aortic regurgitation (odds ratio, 1.07; 95% confidence interval, 1.019-1.134; P 5 .007). In hypertensive patients, HR and systolic BP were related to functional aortic regurgitation (HR: odds ratio, 0.93; 95% confidence interval, 0.898-0.962; P < .0001; systolic BP: odds ratio, 1.02; 95% confidence interval; 1.00-1.05; P 5 .032).
Discussion
In this study, thoracic aortic diameters and the prevalence of trivial to mild functional aortic regurgitation were compared in never-treated patients with newly diagnosed stage 1 or 2 hypertension versus normotensive participants. Both groups had hemodynamically insubstantial functional aortic regurgitation with no other valvular involvement.
The main findings of our study were as follows: (1) untreated patients with newly diagnosed hypertension had similar aortic diameters as healthy controls, which were even smaller when indexed to the body surface area; (2) trivial to mild functional aortic regurgitation was more frequent in hypertensives than in normotensives; (3) functional aortic regurgitation was more frequent in older participants, either hypertensive or normotensive; and (4) no differences were observed in anthroprometric data, LV structure and function, and carotid stiffness between hypertensives with and without functional aortic regurgitation. At variance, normotensives without functional aortic regurgitation were younger, had a higher HR, and had lower local carotid stiffness and higher arterial compliance than their counterparts with functional aortic regurgitation. This study is consistent with data in the literature. Age and the body surface area were found to be the main determinants of aortic dilatation. Moreover, arterial stiffness, as determined by the local carotid pressurestrain elastic modulus (a measure of the mechanical properties of the arterial wall) also played a role in the sinuses of Valsalva and sinotubular junction. As we previously reported, ascending aortic diameters increased according to age as well as aortic stiffness. The mean enlargements in aortic diameters across the age groups were 1.27 mm for the sinuses of Valsalva, 1.09 mm for the sinotubular junction, and 1.64 mm for the ascending aorta, but after adjustment for aortic stiffness, the aortic diameter increments were slightly lower: 1.13 mm for the sinuses of Valsalva, 1.07 mm for the sinotubular junction, and 1.43 mm for the ascending aorta. 4 Vascular "aging" is responsible for increased arterial diameters, and the stiffness of the common carotid artery (an elastic artery similar to the aorta) could be representative of age-dependent aortic involvement. In addition, the pressure-strain elastic modulus could also reflect the overall afterload of the arterial tree, contributing itself to aortic dilatation. In this study, BP had no relationship with aortic diameters, in keeping with the results of others. 20 The results of the logistic regression analysis showed that age and the systolic BP were positively correlated with functional aortic regurgitation, whereas the HR had an inverse relationship. Age was found to be a major determinant of functional aortic regurgitation in both hypertensives and normotensives. Of the 4 aortic sites, none was independently related to functional aortic regurgitation, which suggests that in this population of normotensives and hypertensives with no valvular disease, the mechanism of functional aortic regurgitation is not related to the diameter of the ascending aorta. 21 The HR, in inverse fashion, was an independent predictor of functional aortic regurgitation. We can speculate that a prolonged diastolic time combined with an increased systolic BP contributes to the development of functional aortic regurgitation. Moreover, the decrease in the HR with a prolonged diastolic time will shift the reflected wave into systole, thereby increasing the augmentation index and central BP. 22 In our study, although no independent relationship was observed between arterial stiffness and functional aortic regurgitation, it cannot be excluded that arterial stiffness may have contributed to aortic enlargement and eventually to functional aortic regurgitation.
Thoracic aortic diameters increase with aging in humans 7 and nonhuman primates 23 as a result of physiologic wall stress and fracture of elastin fibers of the aortic media due to cyclic arterial wall stretching. A large body of evidence also suggests that the vascular bed develops in a fashion that is proportional to body dimensions. As a consequence, the aortic diameter is related to body size. 9, 24 In addition, as people grow older, an increase in arterial stiffness and LV remodeling is noted, along with LA enlargement secondary to a progressive decline of diastolic function. [25] [26] [27] Chronic exposure to high BP is thought to promote elastin breakdown, accelerating the age effect on proximal aortic dilatation. 28, 29 In this respect, data from the literature produced contrasting results. In particular, previous studies showed that the absolute aortic diameter was not significantly associated with brachial BP levels. 30, 31 More recently, a metaanalysis of 10,791 hypertensive patients showed that aortic root dilatation was more prevalent in men than in women, but neither systolic nor diastolic BP was directly associated with the aortic diameter. 32 Another study demonstrated an association in hypertensive patients only between aortic root dilatation and central hemodynamic indices, in particular, the central pulse pressure and augmentation index, but not with brachial BP. 33 Some authors evaluated whether different subtypes of hypertension could play a role in thoracic aortic diameter enlargement with negative results. 34 Palmieri et al 31 showed that hypertensive patients with dilated sinuses of Valsalva had a higher prevalence of functional aortic regurgitation, larger LV diameter, thicker LV wall, and higher LV mass. Valsalva sinus dilatation was independently related to male sex, LV wall motion abnormalities, and aortic valve fibrocalcification. In that study, the likelihood of functional aortic regurgitation increased with a larger Valsalva sinus diameter, older age, female sex, the presence of aortic valve fibrocalcification, and a lower BMI. Moreover, the authors considered all degrees of functional aortic regurgitation, from mild to severe aortic regurgitation. In the Strong Heart Study, an epidemiologic survey of cardiovascular risk factors in 13 American Indian tribes, Lebowitz et al 35 found that the prevalence of aortic regurgitation increased with older age, a larger aortic root diameter, higher systolic BP, and aortic and mitral valve involvement.
The clinical meaning of trivial to mild functional aortic regurgitation is not completely known. Although functional aortic regurgitation is hemodynamically unremarkable, it might increase the LV stress beyond the increase in BP and, in part, contribute to diastolic dysfunction. 35, 36 In the same way, a backward increase in LV stress could lead to an increase in the LA volume, which eventually may predispose to atrial fibrillation. If this hypothesis is true, trivial to mild functional aortic regurgitation is not an innocuous finding.
This study had some limitations. First, the office BP was used to define systemic hypertension and also used to evaluate the impact of BP on aortic diameters and functional aortic regurgitation. Only a small percentage of the studied participants underwent ambulatory BP monitoring, which represents a more reproducible index of the BP load. Second, patients with high BP were aware of their status for a maximum of 1 year, but the actual duration of their hypertension and, consequently, its impact on aortic diameters and functional aortic regurgitation were not really known. In fact, Ravakhah and Motallebi 38 found that the duration of hypertension rather than the severity was responsible for aortic regurgitation.
In conclusion, the results of this study show that thoracic aortic diameters and functional aortic regurgitation are part of the aging process. Aortic diameters are similar among hypertensives and normotensives, and age and the body surface area are independently related to aortic size, as reported in literature. The new finding is that carotid stiffness, such as the pressure-strain elastic modulus as an expression of local stiffness, is related to aortic diameters, and because arterial stiffness is a cause of systolic hypertension, the pressure-strain elastic modulus might also be involved in functional aortic regurgitation. In fact, the main determinants of functional aortic regurgitation include older age, a high systolic BP, and a lower HR. It appears that in normotensive people, functional aortic regurgitation is part of the aging process, whereas in hypertensive patients, it is related to a high systolic BP and HR. Further studies should be undertaken to explain the mechanism and, in particular, the clinical implication of trivial to mild functional aortic regurgitation and the impact of antihypertensive drugs for defining an arterial destiffening strategy.
